47
Spo11 is thus a key step in initiating recombination during meiosis (Lam and Keeney 2015) . Regions 48 of high-frequency Spo11 recruitment, and thus DSB formation, are called hotspots (Wahls and 49 Davidson 2012) . One of the best characterized category of hotspots are cAMP-responsive elements, 50 such as the ade6-M26 hotspot and its derivatives in Schizosaccharomyces pombe, created by point 51 mutations in the ade6 gene (Wahls and Davidson 2012) . M26-like hotspots are defined by the DNA 52 sequence heptamer 5'-ATGACGT-3', which represents the core of a binding site for the Atf1-Pcr1 53 transcription factor (Kon et al. 1997) . Although binding of Atf1-Pcr1 and associated transcription 54 already creates open chromatin at M26-like hotspots (Kon et al. 1997; Yamada et al. 2017 ), a very 55 high frequency of meiotic recombination requires a conducive chromatin environment in a wider 56 genomic context (Steiner and Smith 2005; Yamada, Ohta, and Yamada 2013) . This network of 57 parameters determines the overall level of DSB formation at a given genomic locus.
58
Following break formation, DSB ends are resected to initiate homologous recombination,
59
which during meiosis follows either a Holliday junction/D-loop resolution or a synthesis-dependent 60 strand annealing pathway (Lam and Keeney 2015; Hunter 2015) . As a repair template, the sister 61 chromatid or the homolog will be used (Humphryes and Hochwagen 2014) . Based on this, it has 62 been suggested that the governance of meiotic recombination could be viewed as a two-tiered 63 decision system (Lorenz 2017) . The first decision being template choice (interhomolog vs. intersister 64 recombination), and the second being how the recombination intermediate is resolved -i.e. the 65 CO/non-crossover (NCO) decision. The template choice decision is mainly driven by meiosis-specific 66 factors of the chromosome axis and by the meiotic recombinase Dmc1 supported by its mediators 67 (Humphryes and Hochwagen 2014) . In budding yeast there is a basic understanding of how the 68 interhomolog bias is established, although some mechanistic details still remain to be elucidated 69 (Hong et al. 2013) . Since homologs are not necessarily identical on a DNA sequence level, a DSB 70 end invading the homolog for repair can generate a mismatch-containing heteroduplex DNA.
71
Mismatches can be corrected by the mismatch repair system, consisting of the highly conserved
72
MutS and MutL proteins (Surtees, Argueso, and Alani 2004) . Additionally, the MutS-MutL complex 73 can also block strand invasion to avoid recombination between non-homologous sequences 74 (Surtees, Argueso, and Alani 2004) . The CO/NCO-decision happens as the next step; here the 75 decision is taken whether an already established interhomolog recombination intermediate is 76 processed into a CO or a NCO. Determinants of the CO/NCO-decision are less well studied, but the 77 DNA helicase/translocase FANCM (Fml1 in Sz. pombe) has been shown to limit CO formation in 78 fission yeast and Arabidopsis (Lorenz et al. 2012; Crismani et al. 2012) . RecQ-type DNA helicases 79 perform a wide range of regulatory roles in homologous recombination, and one of them probably is 80 the promotion of NCO formation during meiosis in various organisms (De Muyt et al. 2012;  81 Lukaszewicz, Howard-Till, and Loidl 2013; Hatkevich et al. 2017) .
82
In addition to these intrinsic genetic determinants, environmental factors play a role in 83 dictating the outcome and dynamics of meiotic recombination. Environmental temperature has been 84 identified as a modulating factor of meiotic recombination frequency in organisms incapable of 85 regulating their body temperature (Bomblies, Higgins, and Yant 2015) . The laboratory model yeasts
86
Sz. pombe and Saccharomyces cerevisiae are globally distributed species with a poorly understood 87 ecology (Liti 2015; Jeffares 2018 ), but it is likely that they are exposed to changing temperatures in 88 their respective niches. Although a few observations about environmental temperature altering 89 meiotic recombination have been made in the past in a variety of organisms, including yeasts (Plough   90   4 1917; Rose and Baillie 1979; Börner, Kleckner, and Hunter 2004; Pryce et al. 2005; Higgins et al. 91 2012) , only recently more systematic approaches have explored the effect of the full temperature 92 range at which meiosis is possible on meiotic recombination in a particular organism (Zhang et al. 93 2017; Lloyd et al. 2018; Modliszewski et al. 2018 
123
The physical distance between point mutations of heteroalleles defines the frequency of 124 intragenic recombination events and their associated CO/NCO ratio
125
Apart from absolute DSB levels, intragenic recombination frequency is also influenced by the 126 distance between point mutations in a given chromosomal region (Gutz 1971; Zahn-Zabal and Kohli 127 1996; Fox et al. 1997; Steiner and Smith 2005) . Intragenic recombination in our assays ( Figure 1A) 128 has so far been monitored using point mutations within the ade6 coding sequence, which are at least 129 1kb apart (Osman et al. 2003; Lorenz, West, and Whitby 2010; Lorenz et al. 2012 binding site (Kon et al. 1997; Steiner and Smith 2005) . It can be safely assumed that a given hotspot 138 will receive the same amount of breakage independent of the ade6 allele present on the homolog. 
166
The observed distribution patterns also suggest that, at these long intragenic intervals, a 167 subset of CO events could stem from the processing of one joint molecule, presumably a single
168
Holliday junction (Cromie et al. 2006) Table S2 ).
224
The possible significance of this finding is considered in the Discussion. As with intragenic 225 recombination frequency, the mutSβ deletion msh3∆ behaves just like wild type for CO outcome 226 ( 
228
Fml1 is a negative modulator of intragenic CO frequency independent of the distance 229 between point mutations
230
The DNA helicases, Fml1 and Rqh1, are also prime candidates for modulating recombination 231 frequency at intragenic intervals of different lengths (Lorenz et al. 2012; Cromie, Hyppa, and Smith 232 2008) . However, Fml1 apparently does not modulate intragenic recombination levels, as at all 233 intragenic intervals tested, fml1∆ is similar to wild type ( Figure 3A -B, Figure 3 -figure supplement 1A).
234
In contrast, the RecQ-family DNA helicase Rqh1 is required for wild-type levels of intragenic 235 recombination (Lorenz et al. 2012) . The deletion of rqh1 reduces intragenic recombination frequency 236 to about a third of wild-type percentage at short (ade6-M216×ade6-3083, ade6-3049×ade6-469) 7 intervals, and to about a tenth of wild-type frequency at the long ade6-3083×ade6-469 interval 238 ( Figure 3A -B, Figure 3 -figure supplement 1).
239
As with long intervals (Lorenz et al. 2012) 
300
Meiotic CO frequency varies moderately within the "fertile range"
301
Given that major changes in intragenic recombination levels are observed across temperatures, we 302 were surprised to find that overall CO levels and CO frequencies among intragenic events were less 
312
The latter observation could indicate a mechanism like CO homeostasis at work (Martini et al. 2006;  313 Kan, Davidson, and Wahls 2011) .
315
Meiotic DSB levels do not appear to change with temperature
316
Following the observation that temperature modulates meiotic recombination outcome, we next 317 sought to pinpoint which specific steps during meiotic recombination are sensitive to temperature 318 changes. Therefore, we assessed whether DSB formation is likely disturbed using the cytological 319 markers Rec7-GFP and Rad11-GFP. Rec7 (Rec114 in S. cerevisiae), one of the co-factors essential 320
for Spo11 recruitment and function (Miyoshi, Ito, and Ohta 2013) , can be detected on meiotic 321 chromatin and is considered a marker for DSB initiation sites (Lorenz et al. 2006) . As part of RPA
322
(replication protein A) Rad11 becomes associated with the single-stranded DNA exposed by strand 323 resection following removal of Spo11, and is thus a marker for DSB formation (Parker et al. 1997 ).
324
Rec7-and Rad11-focus numbers enable us to assess meiotic DSB levels indirectly. For Rec7-and 325
Rad11-focus counts, linear elements outlined by myc-tagged Hop1 were used to identify meiotic 326 prophase I nuclei in chromatin spreads from meiotic time-courses (Lorenz et al. 2004; Brown, 327 Jarosinska, and Lorenz 2018; Loidl and Lorenz 2009 ). We chose to perform these experiments at 328 the extreme temperatures of the "fertile range" (16°C and 33°C), which were still producing high 329 sporulation efficiency and significantly different recombination frequencies (Figure 4 ).
330
Based on previous observations that recombination markers are most abundant in the thread 331 and network stage of linear element formation (Lorenz et al. 2006) , we selectively counted foci at 332 these stages. On average between ~16 foci of both Rec7-GFP and Rad11-GFP per nucleus were 333 observed at 16°C and 33°C ( Figure 5A-B (Langerak et al. 2011; Osman et al. 2016 ). Sfr1 forms a complex with Swi5 to support strand 344 exchange, thereby promoting meiotic recombination (Haruta et al. 2006; Lorenz et al. 2012 , two-tailed Mann-Whitney U test) lower at 16°C than at 25°C, respectively ( Figure 6 ).
358
The fold changes in overall CO frequency and CO levels among ade6 + recombinants are largely the two heteroalleles is, and that this will result in an intragenic event with a higher probability. 
411
Recombination outcome in a msh2∆ in S. cerevisiae has also been shown to be more 412 complex than in wild type (Martini et al. 2011; Cooper et al. 2018) . Intriguingly, in S. cerevisiae the 413 action of Msh2 seems to be restricted to class I COs, which are subjected to CO interference,
414
whereas Mus81-dependent class II COs are unchanged in msh2∆ (Cooper et al. 2018) . Sz. pombe
415
operates only a class II CO pathway via Mus81-processing, completely lacking a class I CO pathway.
416
Nevertheless, the absence of Msh2 in fission yeast has a profound effect on CO frequency, and the 417 way recombination intermediates are processed (Figure 2 ).
418
FANCM-and RecQ-family DNA helicases/translocases are implicated in regulating meiotic 419 recombination outcome in several different organisms (Lorenz et al. 2012; Crismani et al. 2012 ; De 420 Muyt et al. 2012; Cromie, Hyppa, and Smith 2008; Hatkevich et al. 2017; Lukaszewicz, Howard-Till, 
504
Using an established marker swap protocol (Sato, Dhut, and Toda 2005 ) the natMX6-marked 505 rqh1∆-G1 was derived from an existing rqh1∆::kanMX6 allele (Doe et al. 2002) , creation of the 506 natMX6-marked pms1-16 insertion mutant allele has been described previously (Lorenz 2015) .
507
Marker cassettes to delete msh3, and msh6, and to partially delete msh2 were constructed 508 by cloning targeting sequences of these genes into pFA6a-kanMX6, pAG25 (natMX4), and pAG32 
515
kanMX6 tag has been described in detail (Brown, Jarosinska, and Lorenz 2018) .
516
Transformation of yeast strains was performed using an established lithium-acetate 517 procedure (Brown and Lorenz 2016 
523
Genetic and cytological assays
524
Determination of spore viability by random spore analysis and the meiotic recombination assay have 525 been previously described in detail (Osman et al. 2003; Sabatinos and Forsburg 2010) . 
531
Meiotic time-courses and preparation of chromatin spreads were in essence performed as 532 described previously (Loidl and Lorenz 2009) , except for the use of 100 mg/ml Lallzyme MMX 533 (Lallemand Inc., Montréal, Canada) as the only cell-wall digesting enzyme in the spheroplasting 534 solution of the chromatin spread protocol (Flor-Parra et al. 2014) . Immunostaining was performed 535 13 according to an established protocol (Loidl and Lorenz 2009) previously reported as T956C (Schär, Munz, and Kohli 1993) 623 624 
